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ABSTRACT 
T h i s  r e p o r t  d e s c r i b e s  t h e  r e s u l t s  of a newly developed exper imenta l  
method f o r  s t u d y i n g  t h e  combustion b e h a v i o r  of heterogeneous  s o l i d  p rope l -  
l a n t s .  The method u s e s  a CO l a s e r  beam t o  s u s t a i n  low-pressure  combustion 2 
from a l a m i n a r i z e d  p r o p e l l a n t  c o n s i s t i n g  of A ~ / f u e l / A P  sandwiches o f  m i l l i -  
meter s l a b  t h i c k n e s s .  The s i g n i f i c a n t  f lame dimensions  a r e  expanded i n  
s i z e  s o  t h a t  t h e  f l ame  s t r u c t u r e  i s  r e a d i l y  probed. New d a t a  a r e  p r e s e n t e d  
f o r  t h e  compos i t iona l ,  thermal  and f low s t r u c t u r e  of t h e s e  l a se r - induced  
f lames.  
These d a t a  i n c l u d e :  
(1) The burn ing  r a t e  o f  p u r e  ammonium p e r c h l o r a t e  (AP) as a f u n c t i o n  
of i n c i d e n t  l a s e r  power d e n s i t y .  
(2) The i g n i t i o n  d e l a y  d u r a t i o n  f o r  p u r e  AP a s  a f u n c t i o n  of p r e s s u r e  
and l a s e r  power d e n s i t y .  
(3 )  The g a s  composi t ion and f lame tempera tu re  f o r  t h e  l a se r - induced  
AP f lame .  
( 4 )  The f lame s t r u c t u r e  and f low f i e l d  from l i n e a r i z e d  p r o p e l l a n t  
sandwiches of p u r e  AP and polymethlmethacyla te  (PMM) f u e l - b i n d e r .  
(5) The compos i t iona l  and thermal  s t r u c t u r e  o f  t h e  AP-PMM l a s e r -  
induced flame. 
These  d a t a  a r e  i n t e r p r e t e d  i n  t h e  frame work of a c l a s s i c a l  wave model 
i s  expanded and a p p l i e d  t o  t h e  heterogeneous  combustion of a p u r e  s o l i d  mono- 
p r o p e l l a n t .  A s o l u t i o n  t o  t h e  c o n s e r v a t i o n  e q u a t i o n  is  ob ta ined  by r e l a t i n g  
t h e  gas-phase h e a t i n g  r a t e  above t h e  p r o p e l l a n t  s u r f a c e  t o  t h e  burn ing  velo-  
c i t y  of t h e  p y r o l y s i s  g a s e s .  The s o l u t i o n  y i e l d s  r e g r e s s i o n  r a t e  p r e d i c t i o n s  
t h a t  a r e  i n  good agreement w i t h  t h e  d a t a  f o r  p u r e  AP and f o r  s e v e r a l  o t h e r  
pure  monopropel lants .  The t h e o r y  was modif ied t o  i n c l u d e  non-ad iaba t i c  e f f e c t s  
such a s  e x t e r n a l l y  a p p l i e d  l a s e r  r a d i a t i o n .  The d a t a  ( (1) and (2) above) a r e  
i n  good agreement w i t h  t h e  non-adiabat ic  theory .  
Many p r e v i o u s  i n v e s t i g a t i o n s  have recognized  t h a t  t h e  composite p r o p e l l a n t  
problem i s  complicated by a n  e f f e c t  t h a t  i s  a b s e n t  f o r  p u r e  monopropel lants :  
namely, t h e  i n t e r d i f f u s i o n  p r o c e s s ,  which t e n d s  t o  l i m i t  t h e  r a t e  f o r  compo- 
si tes where f u e l  and o x i d i z e r  a r e  n o t  m o l e c u l a r l y  premixed ( a s  t h e y  a r e  i n  
p u r e  monoprope l lan t s ) .  For such composi tes ,  t h e  s i g n i f i c a n t  f a c t o r  i n  d e t e r -  
mining t h e  degree  of premixidness  i s  t h e  p a r t i c l e  s i z e  d i s t r i b u t i o n .  These 
c o m p l e x i t i e s  were c l e a r l y  i n d i c a t e d  by p r e v i o u s  i n v e s t i g a t o r s ,  i n  t h e i r  s t u d i e s  
of t h e  s t r u c t u r e  of quenched s u r f a c e s  o f  composi tes .  The new d a t a  p r e s e n t e d  
i n  t h i s  r e p o r t  [ ( 4 )  and (5) above] now c l e a r l y  r e v e a l  t h e  gas-phase s t r u c t u r e  
of t h e  f u e l - o x i d i z e r  i n t e r d i f f u s i o n  f lame.  A new concep tua l  approach i s  
evo lv ing  by which t h e  p u r e  monopropellant  t h e o r y  i s  modif ied s o  t h a t  i t  i n -  
c l u d e s  t h e  l i m i t i n g  e f f e c t  o f  t h i s  d i f f u s i o n  p r o c e s s ,  and i s  t h e r e b y  a p p l i c a -  
b l e  t o  r e a l  composite sys tems.  Th is  approach y i e l d s  a closed-form a l g e b r a i c  
s o l u t i o n  t o  t h e  s t e a d y - s t a t e  problem t h a t  i s  remarkably a c c u r a t e  i n  p r e d i c t i n g  
t h e  o b s e r v a b l e s :  t h e  a b s o l u t e  magnitude of t h e  composi te  burn ing  r a t e ,  t h e  
pressure-dependknce and t h e  p a r t i c l e - s i z e  dependence. 
Now t h a t  a  more complete  unders tand ing  o f  t h e  s t e a d y - s t a t e  problem 
h a s  been a t t a i n e d ,  i t  i s  recommended t h a t  f u t u r e  r e s e a r c h  should e x p l o r e  t h e  
problem. of app ly ing  t h i s  new exper imenta l  method, w i t h  i t s  new d e g r e e  o f  
lems of i g n i t i o n ,  e x t i n g -  
I. In t roduc t ion  
This  r epo r t  desc r ibes  t h e  r e s u l t s  of a new experimental approach t o  
t h e  problem of composite s o l i d  p rope l l an t  combustion. The combustion 
behavior of both pure ammonium pe rch lo ra t e  (AP) and a composite propel- 
l a n t  of macroscopic s i z e ,  were s tudied  by a technique which u t i l i z e s  a CO 2 
l a s e r  beam t o  supply r a d i a n t  energy t o  t h e  su r f ace  of a burning propel- 
l a n t .  The h e a t  &npW from a n  ex te rna l  l a s e r  source s u s t a i n s  t he  
combustion process  i n  a low p res su re  domain, where gene ra l ly ,  n e i t h e r  
t h e  monopropellant nor  t h e  composite p rope l l an t  would burn f r e e l y .  The 
s t r u c t u r e  of t hese  l a s e r  induced low-pressure flames a r e  rendered l a r g e  
enough i n  s i z e  so  t h a t  they  a r e  conveniently probed. 
The pure monopropellant cons is ted  of e i t h e r  pure s i n g l e  c r y s t a l s  
o r  pressed powders of AP. The composite p rope l l an t  cons is ted  of oxid%zer 
and f u e l  combined a s  p a r a l l e l  s l a b s  (1-2mm th i ck )  i n  a sandwich config- 
u r a t i o n .  The apparatus  and techniques previous ly  developed, and descr ibed 
1 i n  a previous r e p o r t ,  were modified and improved during t h e  course of t h i s  
second y e a r ' s  e f f o r t .  
The th ree  s i g n i f i c a n t  s t r u c t u r a l  elements of t h e  composite flame t h a t  
were measured were: t h e  temperature f i e l d ,  t h e  compositional f i e l d  of i n t e r -  
d i f f u s i o n  and chemical r e a c t i o n  of the  f u e l  and ox id i ze r  components, and t h e  
experimental c a p a b i l i t y  of t h i s  type l i t t l e  f u r t h e r  progress  can be 
expected i n  t h e  s c i e n t i f i c  understanding of p rope l l an t  combustion, b u t  
h i t h e r t o  t h e  problem has l a r g e l y  been regarded a s  no t  amenable t o  a prac- 
t i c a l  so lu t ion .  This is  due t o  t h e  f a c t  t h a t  i n  an ord inary  combustion 
environment i t  would be necessary t o  probe the  f i e l d  dimensions and f i e l d  
changes on a length  and time s c a l e  of the  order  of microns and microseconds; 
and i t  i s  r 'eadily apparent t h a t  no e x i s t i n g  method of monitoring events  
on such small  s c a l e s  a r e  r e a d i l y  a v a i l a b l e .  It was t h e r e f o r e  necessary 
t o  develop an apparatus  and system whereby a combustion environment could 
be e s t ab l i shed  i n  which t h e  l eng th  and time-scales were s u f f i c i e n t l y  l a r g e  
t o  accommodate microprobes of a t echn ica l ly  f e a s i b l e  s i z e .  
Now a normal combustion environment f o r  t y p i c a l  ammonium p e r c h l o r a t e  
p rope l l an t s  composed of p a r t i c l e s  i n  t h e  micron range, involves  r ap id  
r e g r e s s i o n  r a t e s  (0.5 t o  2.0 cm sec  -I) a t  p re s su res  i n  t h e  range 10-100 
atm. Under t hese  condi t ions ,  vapor i za t ion  of t h e  s o l i d  is maintained by 
conduct ive h e a t  feedback from a gas flame, whose d i s t ance  above t h e  sur-  
f a c e  is  a l s o  i n  t h e  micron range. A s  i nd ica t ed  above, i t  i s  usua l ly  im- 
p o s s i b l e  t o  min ia tu r i ze  a n a l y t i c a l  probes t o  t h e  micron s i z e  s c a l e  of 
such f lames,  and hence t h e  s t r u c t u r e  of t h e s e  propel lan t  flames has here-. 
2,34 t o f o r e  been a mat te r  of conjec ture .  A s  p re s su re s  diminish,  t h e  flame 
zone th ickness  of premixed flames inc reases ,  so  t h a t  probing of t h e i r  
s t r u c t u r e  is  more f e a s i b l e  a t  lower p re s su res .  However, t h e  burning rate 
diminishes correspondingly because t h e  temperature grad ien t  above t h e  
su r f ace  decreases  a s  t h e  flame zone th i ckness  i nc reases .  Thus fewer prop- 
e l l a n t s  a r e  capable of burning f r e e l y  a t  lower pressures .  Even f o r  those  
p rope l l an t s  t h a t  s u s t a i n  combustion a t  low p res su res ,  t he  p a r t i c l e  r a d i i  
a r e  u sua l ly  s o  s m a l l  t h a t  t h e  c h a r a c t e r i s t i c  d i f f u s i o n  l eng th  i s  s t i l l  of 
microscopic s i z e .  I f  one at tempts  t o  i n c r e a s e  t h e  p a r t i c l e  r a d i i  so  t h a t  
t h e  d i f f u s i o n  l eng th  inc reases ,  t o  become comparable t o  t h e  premixed flame 
zone th ickness ,  t h e  p rope l l an t  w i l l  no longer  burn f r e e l y ,  and w i l l  ext ing-  
u i sh  a t  some p a r t i c l e  r ad ius  a t  which t h e  d i f f u s i o n  length  is  s t i l l  too 
These s c a l i n g  problems can be reso lved  r a t h e r  n e a t l y  by using an 
e x t e r n a l  r a d i a n t  l a s e r  source t o  s u s t a i n  and t o  con t ro l  t he  s u r f a c e  regres-.  
s i o n  r a t e .  This new experimental approach al lows t h e  experimenter t o  .con- 
t r o l  and t o  vary,  e x t e r n a l l y ,  t h e  hea t  i npu t  t o  t h e  burning su r f ace ,  inde- 
pendent -- of t h e  ambient pressure .  This new degree of freedom permits  t h e  
experimenter t o  s tudy  combustion processes  a t  lower ambient pressures  than  
normally poss ib l e .  A t  t he se  lower p re s su res ,  t he  premixed flame zone th ick-  
ness  i s  expanded i n  s i z e .  Furthermore, t h e  p a r t i c l e  r ad ius  can now be of 
macroscopic s i z e  and t h e  sample w i l l  s t i l l  cont inue t o  "burn" because t h e  
l a s e r  source  maintains  t h e  requi red  h e a t  i npu t .  Thus the  d i f f u s i o n  l eng th  
can a l s o  be expanded i n  s i z e  so t h a t  t h e  i n t e r d i f f u s i o n  flame i s  r e a d i l y  
probed. 
The n e t  e f f e c t  of using a l a s e r  source  on l a r g e  "radius"  propel lan t -  
binder  sandwiches a t  low pressures  i s  t o  genera te  a m&croscopic, l a s e r -  
induced d i f f u s i o n  flame s t r u c t u r e  t h a t  is of mi l l imeter  s i z e .  This l a s e r -  
induced flame i s  geometr ical ly  s i m i l a r  i n  s t r u c t u r e  t o  t h e  flame above 
t y p i c a l  p r o p e l l a n t s  of smaller  p a r t i c l e  s i z e  burning a t  higher  pressures .  
In  e f f e c t ,  t h i s  method s c a l e s  t he  s t r u c t u r e  l i n e a r l y  wi th  t h e  gas k i n e t i c  
mean f r e e  path,  which increases  by two o rde r s  of magnitude a s  t h e  pressure  
decreases  by two o rde r s  of magnitude. The k i n e t i c  and t r anspor t  time 
s c a l e s  a r e  expanded i n  proport ion so t h a t  t h e  regress ion  r a t e s  f o r  t h e  l a s e r -  
- 1 
induced flames a r e  twoorders  of magnitude slower [.02 t o  .04 cm sec  1. 
The da t a  t o  be presented,  and t h e i r  i n t e r p r e t a t i o n ,  demonstrate t h e  
power of t h i s  new experimental method. They a r e  i l l u s t r a t i v e  of i t s  poten- 
t i a l  f o r  so lv ing  many o the r  problems i n  combustion chemistry.  The d a t a  
confirm t h e  e s s e n t i a l  v a l i d i t y  of t h e  ideas  of s e v e r a l  previous inves t iga-  
t i o n s  293 '4  and a l s o  provided t h e  i n s p i r a t i o n  f o r  t he  formulat ion of a 
genera l  theory of heterogeneous p rope l l an t  combustion t h a t  i s  more quan- 
t i t a t i v e  and comprehensive than  any he re to fo re  presented.  5 
11. EXPERIMENTAL APARATUS 
The exper imenta l  a p p a r a t u s  used f o r  s t u d y i n g  t h e  s t r u c t u r e  of t h e s e  
f l ames  was des igned  and f a b r i c a t e d  d u r i n g  t h e  f i r s t  y e a r  of t h e  program. 
The a p p a r a t u s  was d e s c r i b e d  i n  d e t a i l  i n  t h e  p r e v i o u s  annua l  r e p o r t .  1 
The r a d i a n t  s o u r c e  was a h i g h  power carbon d i o x i d e  l a s e r ,  o u t p u t  wavelength  
1 0 . 6 ~ ,  o b t a i n e d  from t h e  Coherent R a d i a t i o n  L a b o r a t o r i e s ,  P a l o  A l t o ,  C a l i -  
f o r n i a .  F i g u r e  1 i l l u s t r a t e s  t h e  exper imenta l  c o n f i g u r a t i o n  of t h e  sampling 
probe and i ts  p o s i t i o n  r e l a t i v e  t o  t h e  s u r f a c e  of t h e  p r o p e l l a n t .  Rad ian t  
energy from a h i g h  power CO gas  l a s e r  impinges upon a sample and s u s t a i n s  2 
a macroscopic  f lame.  The s t r u c t u r e  of t h e  f l ame  is  d e p i c t e d  i n  F i g u r e  2. 
The f lame s t r u c t u r e  was determined p h o t o g r a p h i c a l l y  by t r a c k i n g  micron-s ize  
alumina p a r t i c l e s  (imbedded i n i t i a l l y  i n  t h e  p r o p e l l a n t )  as they  emerged 
from t h e  burn ing  s u r f a c e .  The compos i t iona l  s t r u c t a r e  was determined by 
a q u a r t z  probe l e a d i n g  t o  a mass spec t romete r .  The the rmal  s t r u c t u r e  was 
determined s imul taneous ly  by a P t  - 10% Rh thermocouple t h a t  swept a c r o s s  
t h e  f lame.  I n  some exper iments ,  t h e  probe was main ta ined  s t a t i o n a r y ,  and 
t r a v e r s e d  outward from t h e  s u r f a c e  a s  t h e  s u r f a c e  r e g r e s s e d  away from t h e  
probe.  I n  some'exper iments ,  p u r e  ammonium p e r c h l o r a t e  samples were  used 
i n  p l a c e  of t h e  composite sandwich. 
There were s e v e r a l  m o d i f i c a t i o n s  of t h e  a p p a r a t u s  and s e v e r a l  improve- 
ments i n  t h e  exper imenta l  t e c h n i q u e s  made dur ing  t h i s  second y e a r  of t h e  
program. 
t h a t  p e r m i t t e d  more p r e c i s e  c o n t r o l  of t h e  p o s i t i o n  of t h e  p robe  r e l a t i v e  t o  
t h e  burning s u r f a c e .  Photographs  of t h i s  system were submi t t ed  w i t h  t h e  
f i r s t  q u a r t e r l y  p r o g r e s s  r e p o r t .  It c o n s i s t s  of a 2" diamete r  p o l i s h e d  s t e e l  
b a l l  which r e v o l v e s  i n  a vacuum-sealing t e f l o n  s e a t .  Both b a l l  and s e a t  
a r e  a t t a c h e d  t o  t h e  top  flange of t h e  combustion chamber. A 318" h o l e  r u n s  
through t h e , t o p  of t h e  b a l l  and c o n t a i n s  a s t a i n l e s s  s t e e l  tube .  The upper 
p a r t  o f  t h e  tube  a t t a c h e s  t o  t h e  mass spec t romete r  v i a  f l e x i b l e  tub ing ,  and 
t h e  lower p a r t  a t t a c h e s  t o  t h e  q u a r t z  probe.  The s t a i n l e s s  t u b e  i s  con- 
s t r a i n e d  t o  r e v o l v e  abou t  two or thogonal  a x e s  which i n t e r s e c t  a t  t h e  c e n t e r  
o f  t h e  b a l l .  T h i s  i s  accomplished by means of two knife-edge gu ides .  I n i t i a l  
v e r t i c a l  a l ignment  is  achieved by s l i d i n g  t h e  s t a i n l e s s  t u b e  through t h e  
c e n t e r  of t h e  b a l l  t o  t h e  p roper  h e i g h t ,  and t h e n  l o c k i n g  i t  i n  p o s i t i o n  




t a l  a x i s  s o  t h a t  t h e  probe t i p  approaches  t h e  s u r f a c e  t o  a g iven i n i t i a l  
d i s t a n c e .  A f t e r  i g n i t i o n  of t h e  sample, t h e  b a l l  i s  t h e n  motor-driven 
abou t  t h e  o t h e r  o r t h o g o n a l  a x i s  s o  t h a t  t h e  p robe  t i p  swings through a n  
a r c  i n  f r o n t  of the sample ( a s  shown i n  F i g u r e  1 ) .  
Improvemen@in t h e  t echn ique  of f low v i s u a l i z a t i o n  were a l s o  made 
d u r i n g  t h i s  second y e a r ' s  e f f o r t s ,  and t h e s e  w i l l  be  d e s c r i b e d  i n  a fol low- 
i n g  s e c t i o n .  
A m u l t i c h a n n e l  s p e c t r a l  r e c o r d i n g  system was des igned  and f a b r i c a t e d  
f o r  u s e  w i t h  t h e  m a s s  spec t romete r  composi t ion probe.  Th is  sys tem p r o v i d e s  
t h r e e  s imul taneous  h i g h  c u r r e n t  o u t p u t s  from t h e  e l e c t r o n  m u l t i p l i e r  de tec -  
t o r  of t h e  quadrupole  mass spec t romete r .  These t h r e e  o u t p u t s  a r e  f e d  i n t o  
t h r e e  channe l s  of a h i g h  f requency  r e c o r d i n g  galvonometer.  This sys tem 
a l l o w s  one t o  r e c o r d  t h e  o u t p u t  w i t h  t h r e e  s e p a r a t e  g a i n s  (each one decade 
a p a r t )  f o r  t h e  same i n p u t  c u r r e n t  from t h e  e l e c t r o n  m u l t i p l i e r .  The l a r g e r  
peak h e i g h t s  a r e  t h u s  r e a d  c o n v e n i e n t l y  on t h e  l e a s t  s e n s i t i v e  s c a l e ,  and 
t h e  s m a l l e r  peak h e i g h t s  a r e  r e a d  on t h e  most s e n s i t i v e  s c a l e .  Th i s  modi- 
f i c a t i o n  c o n s i d e r a b l y  echanced t h e  performance of t h e  compositfbn probe 
f o r  s e v e r a l  o f  t h e  a a t a  g a t h e r i n g  r u n s  d u r i n g  t h e  las t  q u a r t e r  of t h e  
program. 
of t h e  probe.  The bead d i a m e t e r s  f o r  t h e  thermocouples used were g e n e r a l l y  
100-200p, and i t  i s  f e l t  t h a t  t h e  s p a t i a l  r e s o l u t i o n  of t h e  t empera tu re  
measurements a r e  t h e r e f o r e  of t h i s  magnitude.  Thus a l i n e a r  t r a v e r s e  a c r o s s  
t h e  sample of 5mm width ,  i n  e f f e c t  y i e l d  25 s p a t i a l l y  independent  b i t s  of 
exper imenta l  d a t a  w i t h  which t o  i n f e r  t h e  the rmal  s t r u c t u r e  of t h e  f lame.  
S e v e r a l  exper iments  were performed i n  o r d e r  t o  independen t ly  d e t e r -  
mine t h e  s p a t i a l  r e s o j u t i o n  o f  t h e  composi t ion p robe .  A tube  was f a b r i -  
c a t e d  c o n s i s t i n g  of two s e m i c i r c u l a r  t u b u l a r  s e c t i o n s  s e p a r a t e d  by a t h i n  
w a l l  s h e e t .  Argon gas  was flowed through one t u b u l a r  s e c t i o n ,  and n i t r o g e n  
through t h e  ad jacent  tube. Both flow r a t e s  were maintained equal  and 
p a r a l l e l .  The probe 's  s p a t i a l  r e s o l u t i o n  was then  measured a s  a func t ion  
of l i n e a r  sweep r a t e .  Good s p a t i a l  r e s o l u t i o n  was obtained only  a t  t h e  slow 
sweep r a t e s .  A t  0.25 mm/sec; t h e  s p a t i a l  r e s o l u t i o n  was of t h e  order  of 
0.5 mm. Hence a l i n e a r  t r a v e r s e  ac ros s  a sample of 5 mm width,  would y i e l d  
10  independent b i t s  of experimental da t a  wi th  which t o  i n f e r  t h e  compo- 
s i t i o n a l  s t r u c t u r e .  These measured s p a t i a l  r e s o l u t i o n s  were of t he  same 
magnitude, a l though somewhat poorer ,  than  t h a t  p red ic t ed  from previous 
independent measurements of t h e  sampling time cons tan t .  The measured 
s a m p l i n g t i m e ~ o n s t a n t  f o r  t h e  non-polar gases  w a s  of t h e  o rde r  of 0.9 - 1 .2  sec ,  
which would g ive  a s p a t i a l  r e s o l u t i o n  of ~~0.3mm. For t h e  po la r  molecules 
H 0 and HC1,  absorp t ion  e f f e c t s  imposed longer  t ime l a g s  ~2 seconds. The 2 
sampling time cons t an t ,  (and hence t h e  s p a t i a l  r e s o l u t i o n  of t h e  probe) 
was l i m i t e d  by t h e  time requi red  t o  evacuate t h e  sampling l i n e  and t o  
r e p l e n i s h  i t  wi th  a f r e s h  batch of gas.  
The ca l cu la t ed  random-walk t ime f o r  molecules t o  d i f f u s e  from t h e  
probe t i p  t o  t h e  mass spectrometer was s u b s t a n t i a l l y  smal le r  ~ ~ 0 . 2  seconds. 
This c l e a r l y  i n d i c a t e s  t h a t  a f a s t e r  pumping speed near  t h e  probe t i p  
could reduce t h e  t ime-constant by a s u b s t a n t i a l  f a c t o r ,  even wi th  t h e  
e x i s t i n g  tube length .  
e f f e c t i v e  i n  reducing t h e  time constant .  Several  o rde r s  of magnitude 
ga in  i n  s p a t i a l  r e s o l u t i o n  could be achieved wi th  a d i r e c t  l i n e - o f - s i g h t ,  
molecular beam sampling system. Such sampling would a l s o  preserve  t h e  
f r e e - r a d i c a l  components of flame. However i t  was decided e a r l y  i n  t h e  
program t o  defer  cons t ruc t ion  of such a sampling system t o  a more advanced 
s t a g e  of t h e  program. 
111. EXPERIMENTAL RESULTS 
A. Pure Ammonium Perchlora te  
1. The Laser-Induced Burning Rate 
Pure ammonium pe rch lo ra t e  normally r e q u i r e s  a th reshold  p re s su re  
of 22 atm t o  burn f r e e l y ;  however, i n  t h e  presence of an e x t e r n a l  r a d i a n t  
source i t  w i l l  burn a t  atmospheric p re s su re .6  For a free-burning su r f ace ,  
t h e  energy conducted t o  t h e  su r f ace  is  determined by t h e  hea t ing- ra te  source 
func t ion .  For t h e  radiant-induced combustion, t h e  energy absorbing through 
t h e  s u r f a c e  can b e  con t ro l l ed ,  i n  p a r t ,  by varying t h e  i n t e n s i t y  of t h e  
e x t e r n a l  source. The exper imenta l i s t  can thus  c o n t r o l  t h e  energy inpu t  t o  
the  phase d i s c o n t i n u i t y  and perform experiments i n  a constant  p re s su re  
environment. This  degree of freedom a l lows  one t o  make a d d i t i o n a l  experi-  
mental observa t ions  and thus  ob ta in  more d e f i n i t i v e  tests of t h e  va r ious  
t h e o r i e s .  Measurements can be made, no t  on ly  of t h e  pressure  dependence, 
but of t h e  exte ' rnal  rad ian t - f lux  dependence. The advantages of t h i s  exper i -  
mental approach were i m p l i c i t l y  recognized i n  previous experiments performed 
with a focussed f ilament-image source. For t hese  purposes,  t h e  l a s e r  source 
i s  s u b s t a n t i a l l y  supe r io r  t o  previous sources.  
The non-adiabatic burning r a t e  for . ! ,pressed powders and s i n g l e  c r y s t a l s  
measured a s  a func t ion  of i nc iden t  i n t en -  
y. The r e s u l t s  of t h e  
were s t r a n d s  of p a r t i c l e s  pressed t o  near  c r y s t a l  dens i ty  o r  s i n g l e  c r y s t a l s .  
The da t a  po in t s  r ep re sen t  many ind iv idua l  experimental runs.  The spread 
i n  t h e  d a t a  p o i n t s  was caused by s e v e r a l  f a c t o r s :  Er rors  i n  measuring t h e  
t o t a l  source  F3we'; e r r o r s  i n  determining t h e  s p a t i a l  d i s t r i b u t i o n  of t h e  
source i n t e n s i t y ,  random v a r i a t i o n s  i n  t h e  i n t e n s i t y  d i s t r i b u t i o n ,  and 
inaccurac ies  i n  t h e  sample alignment. 
Induction Time, Burning Rate and Sublimation 
Rate Versus Incident Flux Near Ignition Threshold. 
Figure 3.  Laser-Induced Combustion of Ammonium Perchlorate 
(In Air at One Atmosphere, Laser Wavelength is 10.6~). 
-2  -1 The measured i g n i t i o n  threshold  a t  2.8 c a l s  cm sec  i s  the  minimum 
i n t e n s i t y  requi red  t o  i g n i t e  t h e  su r f ace  with a  c l e a r l y  v i s i b l e  flame. 
Above t h i s  threshold the  sample burns r e a d i l y  wi th  a  v i s i b l e  flame, while  
below t h i s  th reshold ,  t h e  sample slowly sublimes (recondensing on t h e  
cold surroundings) .  
1 The previous measurements were l imi t ed  t o  r e l a t i v e l y  low power l e v e l s .  
Previous es t fmates  of t h e  heat-feedback t o  t h e  su r f ace  a t  t h e  free-burning 
t h r e s h o l d r a t e ,  had been obtained from a l i n e a r  e x t r a p o l a t i o n  of t h e  da t a  
-2 -1 p o i n t s  i n  the  low f l u x  range below 30 c a l s  crn. s ec  . The newer da t a  i n  
Figure 3 show s u b s t a n t i a l  curva ture  i n  t h i s  f l u x  range. Because of t h i s  
curva ture ,  t h e  previous e s t ima te  was too low by a  f a c t o r  of fou r .  These 
measurements i n d i c a t e  t h a t  t h e  t o t a l  energy f l u x  requi red  t o  s u s t a i n  a  
- 1 -2 -1 
t h r e s  old burning r a t e  of 0.25 cm s e c  i s  440 c a l s  cm 
ence ?5)  f o r  a  more d e t a i l e d  d i scuss ion  of t h i s  question.gec [See r e f e r -  
2 .  I g n i t i o n  Delays For t h e  Laser Induced Combustion 
The reg ion  near t h e  i g n i t i o n  threshold of Figure 3a i s  magnified 
i n  Figure 3b. There we p l o t  t h e  burning r a t e ,  t h e  a b l a t i o n  r a t e ,  and t h e  
induct ion  time f o r  t h e  appearance of a  flame a s  a  func t ion  of l a s e r  power 
-2 -1; dens i ty .  Be lowthe  i g n i t i o n t h r e s h o l d o f  2.8 c a l s  cm see  t h e r e i s o n l y  
one r eg re s s ion  r a t e ,  which corresponds t o  t h e  a b l a t i v e  subl imation process .  
t i o n  p r i o r  t o  i g n i t i o n ,  and t h e  r a t e  of burning a f t e r  i g n i t i o n .  A t  i gn i -  
t i o n ,  t h e r e  is  a "discontinuous" inc rease  i n  t h e  r eg re s s ion  r a t e  a f t e r  a n  
induct ion  time of t h e  o rde r  of 7 0  seconds. The da t a  obtained i n  Figure 3b 
were obtained a t  1 atm i n  a i r .  S imi la r  da t a  were obta ined  a t  lower pres- 
s u r e s  i n  Argon gas.  The r e s u l t s  of t h e  measurements a r e  shown i n  Figure 4. 
There we p l o t  ( t h e  s o l i d  curves)  t h e  l i n e s  of cons tan t  induct ion  time f o r  
i g n i t i o n ,  a s  a  func t ion  of p re s su re  and l a s e r  power dens i ty .  
Figure 4. The Ignition Delay for  the Laser-Induced Combustion of 
Ammonium Perchlorate as a Function of P ressure  and 
Laser Power Density. 
The induct ion  time f o r  i g n i t i o n  i s  def ined as t h e  time delay between 
t h e  a p p l i c a t i o n  of t h e  l a s e r  beam and t h e  appearance of a  v i s i b l e  flame. 
These de lay  isochrons ( l i n e s  of constant  i g n i t i o n  delay)  e x h i b i t  a  s t e e p  
dependence a s  a  func t ion  of p re s su re  i n  t h e  range above 200 t o r r .  Natur- 
a l l y  t he  curves should approach the  pressure  o r d i n a t e  near t h e  free-burn- 
4 i ng  threshold  a t  1.67 X 10  t o r r  (22 atm). A t  lower p re s su res ,  t h e  curves 
bend toward t h e  h o r i z o n t a l  a x i s  and asymptot ica l ly  approach t h e  power den- 
s i t y  absc i s sa .  We w i l l  i n t e r p r e t  t hese  curves l a t e r ,  and show t h a t  t h e  
nea r ly  v e r t i c a l  reg ions  a t  high pressures  a r e  those  reg ions  where t h e  con- 
duc t ive  hea t  feedback power dens i ty  from t h e  gas flame above t h e  s o l i d ,  is  
s u b s t a n t i a l l y  l a r g e r  than t h e  r ad i an t  power d e n s i t y  of t h e  l a s e r  beam. The 
nea r ly  h o r i z o n t a l  reg ions  a t  lower pressures  a r e  those  regions where t h e  
r eve r se  i s  t r u e .  The reg ions  of curva ture  a t  t h e  in te rmedia te  pressures  
a r e  those  where both gas flame f l u x  and l a s e r  f l u x  a r e  of comparable 
magnitude. 
3. Composit ional  and Thermal S t r u c t u r e  
A wide v a r i e t y  o f  exper iments  were performed t o  de te rmine  t h e  
s t r u c t u r e  of t h e  l a se r - induced  f lame above t h e  p u r e  ammonium p e r c h l o r a t e  
o x i d i z e r .  I f  t h e  power d e n s i t y  and ambient p r e s s u r e  exceed t h e  i g n i t i o n  
v a l u e s  i n d i c a t e d  i n  F i g u r e  4 ,  t h e  sample w i l l  i g n i t e  and burn  w i t h  a 
s t e a d y  orange-yellow f lame t h a t  i s  c l e a r l y  v i s i b l e  and r e a d i l y  photographed. 
I f  t h e  beam i n t e n s i t y  i s  un i fo rmly  d i s t r i b u t e d  a long  t h e  burn ing  s u r f a c e ,  
t h e  f l o w  away from t h e  s u r f a c e  i s  normal t o  t h e  s u r f a c e  and f a i r l y  l aminar  
w i t h  some d ivergence  i n  t h e  f low a s  t h e  product  g a s e s  expand i n t o  t h e  ambi- 
e n t  gas .  There i s  a l s o  g e n e r a l l y  some upward motion due t o  t h e  buoyancy 
e f f e c t .  The orange-yellow f lame p e r s i s t s  above t h e  p u r e  o x i d i z e r  r e g i o n s  
even f o r  t h e  composite sys tems ( a s  d e p i c t e d  i n  F i g u r e  2 ) .  The glow i s  
g e n e r a l l y  conf ined  t o  t h e  s u r f a c e  r e g i o n ,  ex tend ing  outward a t  most a d i s -  
t a n c e  o f  l m m  o r  s o .  It a p p e a r s  t o  extend o u t  somewhat f u r t h e r  and t o  be  
more d i f f u s e  a t  lower p r e s s u r e s .  
. . 
An example of some of t h e  b e t t e r  r e c o r d s  ob ta ined  i n  such exper iments  
i s  shown i n  F igure  5. The p robe  i s  i n i t i a l l y  p o s i t i o n e d  above a sample,  
similar t o  t h e  c o n f i g u r a t i o n  shown i n  F igure  1 ;  however, a sample of p u r e  
AP i s  now used,  r a t h e r  t h a n  a p r o p e l l a n t  sandwich. The i n i t i a l  p a r t i a l  
p r e s s u r e s  of Argon background g a s  was s e t  a t  f i x e d  v a l u e ,  (36 t o r r )  and 
-2 -1 
t h e  l a s e r  tu rned  on a t  a power d e n s i t y  of ~ 3 0  c a l s  cm s e c  . A f t e r  a 
d i s t a n c e  r e c o r d  ob ta ined  i n  such a n  exper iment .  I n i t i a l l y ,  b e f o r e  t h e  l a s e r  
i s  t u r n e d  on, t h e  t empera tu re  is ambient (300°K), and t h e  composit ion probe 
d e t e c t s  mainly  t h e  peaks due t o  Argon d i l u e n t  gas .  There i s  some c o n t r i -  
b u t i o n  from a small amount of a i r  l e a k i n g  i n t o  t h e  chamber and from r e s i d u a l  
g a s e s  absorbed i n  t h e  system. A f t e r  t h e  l a s e r  i s  tu rned  o n ,  t h e r e  i s  a n  
i g n i t i o n  d e l a y  p e r i o d  d u r i n g  which t h e  sample merely  a b l a t e s  and recondenses  
on t h e  co ld  su r roundings .  The Argon i n t e n s i t y  diminshes  p a r t l y  because  
of t h e  p r e s e n c e  o f  vap r i z i n g  NH and HC104: t h e s e  g a s e s  presumably con- 3 
dense  b e f o r e  t h e y  can b e  sampled. P r i o r  t o  i g n i t i o n ,  t h e r e  i s  a smal l  in -  

















































-!- 3- NH3. Under low p res su re  condi t ions ,  C10 and . H C l O  peaks [ a t t r i b u t a b l e  
t o  WClO o r  c h l o r i n e  oxide] a r e  a l s o  de t ec t ed .  A t  i g n i t i o n ,  t h e  temper- 4 
a t u r e  i nc reases  r a p i d l y ,  and t h e  na tu re  of t h e  mass spectrum changes markedly. 
The Argon i n t e n s i t y  drops r a p i d l y ,  l imi t ed  only  by the  sampling t i m e  
cons tan t  of t h e  probe, and a  new spectrum is  e s t ab l i shed ,  which i s  now 
c h a r a c t e r i s t i c  of t h e  decomposition flame of pure AP. The temperature l e v e l s  
aff r a p i d l y  t o  t h e  laser-induced flame temperature,and t h e  spec t r a  a r e  
e s s e n t i a l l y  unchanged t h e r e a f t e r ,  except f o r  a  small  monotonic i nc rease  i n  
Argon i n t e n s i t y  a s  t h e  probe recedes from t h e  su r f ace .  This slow inc rease  
i s  caused by t h e  d i f f u s i o n  of Argon gas i n t o  t h e  AP flame. 
The r e s u l t s  of t h e  compositional measurements obtained t o  d a t e  a r e  
presented i n  Table I. These da t a  a r e  r ev i sed  somewhat from the  da t a  pre- 
v ious ly  presented i n  Table I of r e f e rence  1. These rev isons  were based 
upon t h e  s e n s i t i v i t y  f a c t o r s  r equ i r ed  t o  g ive  proper atom ba l -  
ances f o r  a l l  t he  products  of t h e  f i n a l  flame composition. I n  a d d i t i o n ,  
independent measurements were made of t h e  fragmentat ion pa t  t e r n s ,  of pure NO 2' 
The fragmentat ion p a t t e r n s  showed t h a t  t h e  quadrupole instrument gave sub- 
+ 
s t a n t i a l l y  l a r g e r  NO S NO^+ r a t i o s  than  those  t abu la t ed  i n  t h e  l i t e r a t u r e  f o r  
o the r  types of mass ana lyzers .  These d a t a  were used t o  r e v i s e  t h e  NO and NO 2 
ta ined  a t  va r ious  d i s t a n c e s  from the  flame; however t h e  da t a  presented a r e  
intended t o  r ep re sen t  t h e  composition a t  a n  average d i s t a n c e  of aboutlmm above 
-2 -1 
t h e  su r f ace ,  f o r  a n  average l a s e r  power l e v e l  of 10-20 ca ls -cm sec: . 
A t  higher  p re s su re s ,  t h e  flame zone is  very  t h i n  and very  c l o s e  t o  t h e  sur- 
f a c e ,  and only  t h e  flame products  a r e  de tec ted .  The only  s t r u c t u r e  t h a t  i s  
observed a t  t h e  h igher  pressures  is  t h e  i n t e r d i f f u s i o n  of d i l u e n t  Argon 
gas.  The observed Argon d i l u t i o n  i s  about what one would c a l c u l a t e  from 
simple d i f f u s i o n  theo ry ,  A t  lower p re s su res ,  where t h e  i g n i t i o n  isochrons 
were nea r ly  h o r i z o n t a l ,  t h e  flame zone i s  apparent ly  l a r g e  enough, pa r t i cu -  
l a r l y  a t  t h e  i g n i t i o n  t r a n s i e n t ,  t o  d e t e c t  r e a c t a n t s  and/or r e a c t i o n  i n t e r -  
mediates.  
These composition measurements r ep re sen t  t h e  s t a b l e  spec i e s  i n  t h e  flame; 
any r e a c t i v e  f r e e  r a d i c a l s  probably recombine (or  r e a c t )  t o  s t a b l e  product 
be fo re  being sampled by t h e  mass spectrometer .  The da t a  a r e  compared wi th  
t h e  equi l ibr ium composition f o r  t h e  flame, and t h e  comparison c l e a r l y  r e v e a l s  
t h a t  t h e  product gases  s t i l l  con ta in  some untransformed chemical enthalpy.  
A s  w i l l  be shown l a t e r ,  t h e  oxid iz ing  molecules 0 NO,  NO2, and N20 2' 
con ta in  s t i l l  more untransformed chemical enthalpy with r e spec t  t o  added 
f u e l ,  and hence i n  t h e  composite flame, they  r e a c t  s t i l l  f u r t h e r  with 
pyrolyzed f u e l .  
The r e s u l t s  of some of t h e  temperature measurements f o r  t h e  l a s e r -  
induced AP flame a r e  shown i n  Table 11. 
TABLE I 
Flame Gas Composition of Laser-Induced Ammonium Pe rch lo ra t e  Flames (Mole 
Percent  of  Tota l )  
TABLE I1 
The P r e i g n i t i o n  And Flame Temperatures For Laser-Induced Pure  AP Flames 
P r e s s u r e  ( t o r r )  100 36 2 2 
-2 -1 Laser  F lux ,  Cals cm s e c  2 3 1 2  33 2 3 
Temp. o f  P r e i g n i t i o n  Step (OC) 460 440 520** 460* 
Temp. o f  Flame ("C) 1420 1220 1247 1210 
* Temperature d r i f t i n g  s lowly  upward a t  10°C p e r  s e c  
** T e m ~ e r a t u r e  d r i f t i n e  unward  a t  40°C Der s e c  
*** Data  u n c o r r e c t e d  f o r  d i r e c t  l a s e r  h e a t i n g  of probe,  which was no l a r g e r  
t h a n  50 - 100°C. 
The measured f lame tempera tu res  a l l  exceed t h e  a d i a b a t i c  f lame temp- 
e r a t u r e  of llOO°C. The f lame is c l e a r l y  non-ad iaba t i c  because  of t h e  
p r e s e n c e  of t h e  e x t e r n a l  l a s e r  s o u r c e .  The t empera tu res  of t h e  p r e i g n i t i o n  
s t e p  are i n  t h e  r a n g e  of 440-520°C. These p r e i g n i t i o n  t empera tu re  measure- 
ments a g r e e  w i t h  t h o s e  p r e v i o u s l y  r e p o r t e d ,  and a r e  comparable t o  s u r f a c e  
t empera tu re  measurements o b t a i n e d  i n  t h e s e  s t u d i e s ,  and t h o s e  of p r e v i o u s  
i n v e s t i g a t o r s .  1 , 7  
g raphs  were o b t a i n e d  under t r a n s m i t t e d  p o l a r i z e d  l i g h t  t h a t  c l e a r l y  re- 
v e a l e d  t h e  p h a s e - t r a n s i t i o n  zone i n  t h e  s o l i d .  Not enought d a t a  was ob ta ined  
t o  w a r r a n t  comparison w i t h  t h e  r e s u l t s  of Beckstead and ~ i ~ h t o w e r .  The 
follow-ilng a n a l y t i c  s o l u t i o n  was o b t a i n e d  from t h e  energy e q u a t i o n  f o r  t h e  
s o l i d  i n  t h e  presence.-  of l a s e r  a b s o r p t i o n  w i t h  a c o n s t a n t  a b s o r p t i o n  co- 
e f f i c i e n t ,  a  ( n e g l e c t i n g  any condensed phase h e a t  r e l e a s e  p r o c e s s ) :  
I ( 1  - r )  o a Where: B = 1 and Ax = -- i A (f s - ~ u )  (a%x) 0 
The l i m i t i n g  c a s e s  a r e :  
i) B+O f o r  no inc iden t  r a d i a n t  energy, o r  when t h e  r a d i a n t  energy is 
absorbed a t  t h e  su r f ace  ( i . e . ,  a-). This  g ives  t h e  s tandard 
experimental  su r f ace  p r o f i l e  with a thermal wave depth of Ax. 
i i )  B+1 f o r  a non-reacting system wi th  a cool  su r f ace .  I n  t h i s  l i m i t  
t he  temperature p r o f i l e  is  determined by the  o p t i c a l  absorp t ion  
depth.  
This t ranscendenta l  equat ion can be solved t o  o b t a i n  su r f ace  temperatures  
from measurements of t h e  th ickness  of t h e  phase t r a n s i t i o n  zone, i n  a 
8 
manner s i m i l a r  t o  t h a t  repor ted  by Beckstead and Hightower . 
B. Composite P rope l l an t  Sandwiches 
1. The V i s i b l e  Flame S t r u c t u r e  and The Flow Fie ld  
The flow and flame s t r u c t u r e  of composite p rope l l an t  sandwich 
flames were depic ted  i n  Figure 2. There a r e  c l e a r l y  t h r e e  d i s t i n g u i s h a b l e  
zones: F i r s t ,  a n  orange-yellow zone which i s  t h e  pure monopropellant 
flame zone above the  AP s l ab ;  second, a dark  inne r  zone above t h e  f u e l  
s l a b  which con ta ins  p y r o l y s i s  products  from t h e  fuel-binder;  and t h i r d l y  
a b l u i s h  whi te  i n t e r d i f f u s i o n  flame zone. There i s  a l s o  a b l u i s h  o u t e r  
mantle  of r eac t ed  f u e l  and ox id i ze r .  This s t r u c t u r e  i s  t y p i c a l  of t h e  
laser- induced composite flame a t  p re s su re s  of 0 . 1  atm (76 t o r r )  and above. 
A t  still lower p re s su res ,  t h e  s t r u c t u r e  changes somewhat: t h e r e  i s  no longer  
a we l l  def ined  o u t e r  mantle,  and t h e  apex of t h e  dark  zone i s  no longer  
w e l l  de f ined ,  b u t  appears  t o  extend i n d e f i n i t e l y  outward. 
Attempts to  o b t a i n  flow p a t t e r s  of sandwich specimens during t h e  
1 previous  c o n t r a c t  per iod gene ra l ly  were not  succes s fu l  and t h i s  prompted 
some c u r r e n t  pre l iminary  experiments t o  t r y  t o  determine t h e  reason. Pre- 
v ious ly  t h e  flow s t u d i e s  were c a r r i e d  ou t  by p a i n t i n g  a suspension of 5y  
A 1  0 p a r t i c l e s  onto t h e  polymer s l a b  of t h e  sandwich a s  a f i n e  l i n e  running 2 3 
normal t o  t h e  burning sur face .  It was hoped t h a t  a s  t h e s e  p r o p e l l a n t s  burned 
never showed any p a r t i c l e  t r a c k s .  I n  an  at tempt  t o  understand these  r e s u l t s ,  
t h e  fol lowing t e s t s  were made. 
A sample of polymethyl methacrylate  and a s i n g l e  c r y s t a l  of AP, both 
measuring a few mi l l ime te r s  on a s i d e  by 1-2cm i n  l eng th ,  were pa in ted  wi th  
a suspension of 5p A 1  0 p a r t i c l e s  i n  so lven t .  The p a r t i c l e s  were app l i ed  2 3 
on t h e  four  s i d e s  of each sample bu t  not  on t h e  f r o n t  f ace .  Both s t r a n d s  were 
allowed t o  a b l a t e  a t  1 atm argon under a moderate l a s e r  f l u x ,  t he  s u r f a c e  
wi th  no p a r t i c l e s  r eg re s s ing  approximately 1-2mm. The samples were then  ex- 
amined under a microscope and i t  was found t h a t  t h e  A .  s t i l l  had t h e  A 1  0 2 3 
on t h e  four  s i d e s  and nane on t h e  de f l ag ra t ing  f ace .  The a b l a t i n g  s u r f a c e  
of t h e  PMM, however, was covered wi th  p a r t i c l e s .  It could be est imated t h a t  
approximately a l l  t h e  A 1  0  t h a t  had been on the  s i d e s  i n  t h e  1-2 mm t h i c k  2 3 
zone t h a t  ab l a t ed  had now co l l ec t ed  on t h e  f r o n t  f ace .  This appears  t o  be 
a  f i n d i n g  t h a t  may have implicat ions.beyond t h e  present  purpose of  t h e  experi-  
ment a l though no f u r t h e r  i n v e s t i g a t i o n  has  been made. The explana t ion  f o r  
t h e  observed migrat ion on t h e  PMM i s  probably t o  be found i n  t h e  f a c t  t h a t  
t h e  polymer mel t s  i n  t h e  l a s e r  f l u x  and the  molten phase provides a  f l u i d  
medium which r e t a i n s  melted p a r t i c l e s  and f a c i l i t a t e s  t h e i r  t r a n s p o r t .  This 
process  w i l l  no t  occur on AP s i n c e  t h e  ox id i ze r  does not  m e l t .  
It w a s  now c l e a r  t h a t  pa in t ing  p a r t i c l e s  onto the  polymer s l a b  of a  
sandwich p rope l l an t  was not  t h e  c o r r e c t  approach. The method of imbedding 
A 1  0  p a r t i c l e s  i n  AP by premixing wi th  the  oxid izer  powder before  s t rand-  2 3 
p re s s ing  was a n  obvious a l t e r n a t i v e  and t h i s  has  proved t o  be very  successfu l ,  
Approximately one percent  by weight of added p a r t i c l e s  was found t o  be op t i -  
mum f o r  producing c l e a r l y  v i s i b l e  t r a c k s  on t h e  motion p i c t u r e s  of sandwich 
burning. Externa l  luminosi ty  was provided by a  300-watt zirconium a r c  lamp 
which was focused onto t h e  flame zone by a  4-inch f o c a l  l eng th  l e n s .  [Figure 21 
To d a t e ,  s e v e r a l  dozen experiments have been c a r r i e d  o u t ,  a l though many of 
t h e s e  were t o  develop and improve t h e  techniques.  
The v e l o c i t y  p r o f i l e s  comprise an  important component of t h e  flame 
obtained thus  f a r ,  i t  is of i n t e r e s t  t o  analyze a  t y p i c a l  run  s i n c e  some e s t i -  
mates can be made of average flow v e l o c i t i e s  i n  va r ious  reg ions  of t h e  gas.  
Figure 2 i s  a  diagrammatic reproduct ion  of a  par t ic le -conta in ing  sandwich 
p rope l l an t  burning a t  0 .1 atm argon. The sample was o r i en t ed ,  i n  t he  a c t u a l  
experiment,  wi th  t h e  two 2-mm t h i c k  s t r a n d s  of AP on e i t h e r  s i d e  of a  1 .5  mm 
t h i c k  s l a b  of PMM. The view of t h e  f i g u r e  i s  the re fo re  looking down which i s  
a l s o  t h e  d i r e c t i o n  from which t h e  motion p i c t u r e s  were taken;  observa t ions  
from t h e  s i d e  ind ica ted  only  a  s l i g h t  upward curva ture  of t h e  flame due t o  
buoyancy. A well-defined bluish-white d i f f u s i o n  flame zone surrounds a  dark  
zone, t h e  l a t t e r  extending ou t  from t h e  polymer su r f ace  approximately 2.5 mm. 
This  i s  roughly the  d i s t a n c e  one c a l c u l a t e s  on t h e  b a s i s  of simple diffusi.on 
cons ide ra t ions .  
A s  shown i n  Figure 2 ,  t h e  flow l i n e s  a r e  s u b s t a n t i a l l y  s t reamlined 
al though some divergence s e t s  i n  a t  t he  o u t s i d e  edge j u s t  beyond the  v i s i b l e  
flame zone. There a r e  no p a r t i c l e  t r acks  v i s i b l e  through the  da rk  zone and'  
t h e  d i f f u s i o n  r e a c t i o n  zone i t s e l f  i s  usua l ly  too b r i g h t  t o  a l low t r a c k s  t o  
be observed. There a r e ,  however, dense t r a c k s  o r i g i n a t i n g  a t  t h e  t i p  of t h e  
v i s i b l e  zone. These dense t r a c k s  a r e  r e p r e s e n t a t i v e  of t h e  convergence of t h e  
flow a t  t h e  apex of t h e  py ro lys i s  zone. The average temperature of t h e  dark  
zone, a s  w f l l  be shown l a t e r ,  i s  s i g n i f i c a n t l y  lower than  t h e  average temp- 
e r a t u r e  surrounding it. The average molecular weight is  probably a l s o  
l a r g e r  i n  t he  p y r o l y s i s  zone, and hence t h e  gas dens i ty  i n  t h e  c e n t r a l  
dark  zone is g r e a t e r  than outs ide .  The laminar flow v e l o c i t i e s  would be i n  
t h e  r e c i p r o c a l  of t h e  d e n s i t y  r a t i o  i f  t he  mass a b l a t i o n  r a t e s  of AP and PMM 
a r e  t h e  same, bu t  s i n c e  the  c r y s t a l  dens i ty  of AP is about twice t h a t  of PMM, 
t h e  mass f l u x  of f u e l  leav ing  the  sur face  w i l l  b e  only one ha l f  t h a t  of 
ox id i ze r .  The gas v e l o c i t i e s  w i l l  t he re fo re  d i f f e r  i n s t ead  by a  f a c t o r  of two 
times t h e  gaseous f u e l / o x i d i z e r  dens i ty  r a t i o .  
.A -- 
I n  t h e  coord ina te  frame of t he  py ro lys i s  products ,  t h i s  s i t u a t i o n  i s  
t h a t  of a  denser s t a t i o n a r y  f l u i d  i~~n te r sed  i n  a  l e s s  dense laminar stream. 
We can cons ider  a  s t a t i o n a r y  b lun t  body immersed i n  a  laminar stream of 
f l u i d  t o  be an  analogous (although somewhat extreme) case .  The flowing 
i s  he re  represented  a s  t h e  dark zone. Although t h e r e  i s  no evidence f o r  
t h e  ex i s t ence  of a  vo r t ex  such a s  would be present  f o r  t h e  b lun t  body case ,  
t h e r e  is ,  however, s u b s t a n t i a l  i nd ica t ion  of a  f low convergence around t h e  
dark  zone. 
2. Compositional and Thermal S t r u c t u r e  
We now cons ider  some r e p r e s e n t a t i v e  examples of composite flame 
da t a .  Severa l  t y p i c a l  examples of probe t r a v e r s e s  through t h e  composite 
flame a r e  shown i n  F igures  6 ,  7 ,  and 8 .  
I n  F igure  6 ,  we p l o t  t h e  r e s u l t s  of a simultaneous composition and 
temperature t r a v e r s e  through t h e  t r a j e c t o r y  shown, a t  100 t o r r  and a f l u x  of 
-2 -1 %10 c a l s  cm sec  . The composition and temperature d a t a  a r e  shown i n  Fig- 
u r e  6a. The t r a j e c t o r y  of qua r t z  probe and thermocouple, a s  obtained from 
photographic records ,  a r e  shown i n  Figure 6b. The h o r i z o n t a l  s c a l e s  f o r  6a 
a r e  c o r r e l a t e d  so t h a t  t h e  compositional and temperature da t a  f o r  each po in t  
along t h e  x-axis of 6a corresponds t o  t h e  p o s i t i o n  a long  t h e  t r a j e c t o r y  ind i -  
ca ted  i n  6b. These d a t a  a r e  e s s e n t i a l l y  s i m i l a r  t o  t h e  da t a  a l ready  presen- 
t ed  i n  Figure 11 of Reference 1. Now c l e a r l y ,  t h e r e  a r e  four  types of compo- 
+ 
s i t i o n a l  curves.  Those masses t h a t  correspond t o  background gas peaks: A r  (40) 
ft [and Af3. (20) no t  shown] a r e  parabol ic  w i th  minima a t  t h e  cen te r  of t h e  sample. 
Those mases t h a t  correspond t o  py ro lys i s  products :  C2H2 (26) ,  H2 (2 ) ,  and C2H4 
(28) show maxima a t  t h e  cen te r  of t he  sample ( i n  t h e  p y r o l y s i s  zone). Those 
+ 
masses t h a t  correspond t o  products  of pure AP flame N (28),  NO' (30) and 
+ 2 
O2 (32) show maxima above the  AP s l a b ,  and a r e  sometimes double-peaked above 
each ox id i ze r  s l a b .  The f o u r t h  type of curve i s  exhib i ted  by those masses 
t h a t  a r e  products  of t h e  i n t e r d i f f u s i o n  flame. For t h i s  flame, t h e  peaks due 
+ + 
t o  H20 (18) and H C 1  (36) e x h i b i t  both l a t t e r  types of behavior s i n c e  they  a r e  
products  of both t h e  pure AP flame and t h e  i n t e r d i f f u s i o n  flame. These d a t a  
a r e  c l e a r l y  c o n s i s t e n t  wi th  t h e  v i s i b l e  flame s t r u c t u r e  depicted i n  Figure 2. 
C 1  a r e  observed i n  
than i n  spec t r a  40 - 45. This  i s  t o  be expected s i n c e  t h e  probe is  c l o s e r  
t o  t h e  su r f ace  i n  t h e  former instance.  The e f f e c t  of t h e  l a r g e r  time l a g  
f o r  t h e  po la r  molecules i s  cor rec ted  f o r  by s h i f t i n g  both t h e  ~ ~ 0 '  and 
+ H C 1  curves approximately two 'spec t ra  t o  t h e  l e f t .  
I n  Figure 7,  we p re sen t  some e a r l i e r  d a t a  obta ined  i n  a composition 
- - 
-2 -1 
t r a v e r s e ' v e r y  c l o s e  t o  t h e  r eg re s s ing  su r f ace  (80 to r r ,%15  c a l s  cm sec  ) .  
These d a t a  show s u b s t a n t i a l l y  more hydrogen than observed i n  Figure 6. The 
geometric h a l f  width of t h e  H: peak i s  s u b s t a n t i a l l y  wider than  t h a t  of t h e  
+ + 
C2H2 pcei; because of t h e  l a r g e r  d i f f u s i v i t y  of hydrogen. The H C 1  curve peaks + 
near t h e  geometric c e n t e r  of t h e  A!?; however, t h e  H 2 0 curve peaks nea r ly  
above t h e  AP-PMM i n t e r f a c e .  This c l e a r l y  i n d i c a t e s  t h a t  the  H C 1  observes + 
comes mainly from t h e  pure AP decomposition flame, whereas f o r  t h e  H20 
curve t h e r e  i s  a l a r g e r  con t r ibu t ion  
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Figure 7.  Compositional Structure of Easer-Induced A P  -PMM Sandwich 
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from t h e  i n t e r d i f f u s i o n  flame. The mass 44  peak i s  t h e  sum of con t r ibu t ions  from 
+ N 2 0  and CO ' 2 " The former is  from the  pure AP flame, t h e  l a t t e r  from t h e  
d i f f u s i o n  flame, hence t h e  44 peak shows a broad maxima s t a r t i n g  above t h e  AP 
s l a b  and extending toward the  IbP-PMM i n t e r f a c e .  
I n  Figure 8 ,  we present  t h e  r e s u l t s  of a compositional and thermal t r a -  
v e r s e  i n  which t h e  probe was s t a t i o n a r y  i n  t h e  l abo ra to ry  frame and i n i t i a l l y  
or iented,  above t h e  PMM f u e l  s l a b .  Af te r  i g n i t i o n ,  t h e  probe t raversed  out- 
ward toward the  apex of t h e  dark  zone a s  t he  su r f ace  regressed  away from t h e  
probe. A r e l a t i v e l y  high l a s e r  f l u x  was used i n i t i a l l y  f o r  i g n i t i o n . .  Af te r  
i g n i t i o n ,  t h e  l a s e r  power dens i ty  was reduced t o  t he  lowest  va lue  cons i s t en t  
wi th  maintaining a s t a b l e  flame. The chamber pressure  was 23  t o r r ,  The l a s e r  f l u x  
-2 -1 -2 
W&B $30 c a l s  cm sec  i n i t i a l l y ,  and t h a i  lowered t o  $15, c a l s  cm - 
-1 
sec  a f t e r  i g n i t i o n .  This adjustment of t h e  l a s e r  poser  l e v e l  i s  
r e f l e c t e d  i n  t h e  temperature p r o f i l e  a f t e r  i g n i t i o n .  Spectra  -5 t o  0 a r e  
c h a r a c t e r i s t i c  of t h e  p r e i g n i t i o n  spec t r a  f o r  such samples. The peaks shown 
+ 4- 
a t  CH3 (15) and C H (29) (and o t h e r s  no t  shown) a r e  c h a r a c t e r i s t i c  of t h e  2 5 
spec t r a  of t h e  depoLymerized monomer: methylmethacrylate.  Thus the  composi- 
t i o n  of t h e  p r e i g n i t i o n  gases ,  a s  revealed i n  t hese  experiments c o n s i s t s  mainly 
of vaporized f u e l  monomer. These observa t ions  confirm t h e  expec ta t ions  of 
Shannon and D e ~ e r a l l , ~  t h a t  a fue l - r i ch  mixture e x i s t s  above t h e  propel lan t  
served i n  which t h e  composite flame s t r u c t u r e  was preceded by t h e  presence of 
t h e  pure AP f lame].  Spectra  1 - 4 of Figure 8 a r e  a s soc i a t ed  with the  ign i -  
t i o n  t r a n s i e n t  during which t h e  monomer peaks decay, and t h e  peaks corres-  
ponding t o  t h e  composite flame s t r u c t u r e  a r e  e s t ab l i shed .  Spectra 5-23 
correspond t o  t h e  changes i n  composition and temperatures  assoc ia ted  with 
the  ou tward ' t r ave r se  of t h e  probe. 
SPECTRUM NUMBER 
a. Campoeitlonal and Thermal Structure. 
Ammonium Perchlorate (AP) 
Polyrnethyl Methacrylate (PMM) 
b.  Probe Trajectory 
Figtrre 8. Compssitioaa! S t r ~ c k ~ r e  ~f L m e r = I n & e  -PPm 
Sm&ich Composite Flame. 
I V  ANALYSIS AND INTEFPRETATION 
A. Pure Ammonium Perchlorate,Non-Adiabatic Theory 
1. The Laser-Induced Burning Rate 
The c l a s s i c a l  wave-model f o r  t h e  laminar,  a d i a b a t i c  combustion of 
a  homogeneous, pre-mixed, gaseous flame was expanded and appl ied  t o  t h e  he t e r -  
ogeneous combustion of a  pure s o l i d  p r o p e l l a n t ,  Theconservation equat ion  f o r  
t h e  gas,  s o l i d  and Gibbsian s u r f a c e  s t a t e $  were solved and an  e x p l i c i t  expres- 
s i o n  obta ined  f o r  t h e  s teady s t a t e  burning r a t e .  The major problem of predic-  
t i n g  t h e  magnitude of t h e  gas-phase hea t ing  r a t e ,  was resolved by r e l a t i n g  
t h e  hea t ing- ra te  t o  t h e  burning v e l o c i t y  of a  s imulated flame above t h e  s o l i d  
sur face .  The theory was r e a d i l y  modified t o  inc lude  energy l o s s  c o r r e c t i o n s  
f o r  t h e  non-adiabatic processes  of conduct icx~,convect ion and r a d i a t i o n .  
The fol lowing equat ion was obtained by ~ e r t  zbergl0 f o r  t h e  non-adiaba t i c  
burning r a t e :  
v  [p C T' - p C T  1 - ( IR)o  - ( IL lo  
X 
0 = 
A+B B B b  A A p  
x  
[C,Tb - C T + AH] + i (T ,o ,h  ) 
X U 
We assume t h a t  t h e  observed induct ion  time a t  t h e  i g n i t i o n  threshold  
is  a t  l e a s t  equal  to  t h e  time requi red  t o  reach  s teady-s ta te  equi l ibr ium. I f  
we assume t h a t  q  i s  zero below t h e  threshold  d i scon t inu i ty ,  then the  steady- 
ir [CATi - CXTU + AH] + i(T,a,A) 
0 +( IL)o  = - .  ( IRl0  (2) 
The n e t  r a d i a n t  i n t e n s i t y  i s  t h e  d i f f e r e n c e  between t h e  inc iden t  f l u x  and t h e  
sum of r e f l e c t e d  and re - rad ia ted  f l u x e s :  
The absorbed f r a c t i o n  of t h e  inc iden t  energy i s  (1 - r ) I .  The f r a c t i o n  
E i s  t h e  re - rad ia ted  energy t o  t he  surroundings.  m e  remainder i s  absorbed 
s i 
a s  l a t e n t  hea t ,  i p AH; a s  s e n s i b l e  hea t  gopx[C T - CxTU]; o r  i s  l o s t  t o  o x A i 
t h e  surroundings by conductive-convective processes ,  k i ( T , a ,  A )  + (IL)o.  
0 
The magnitude of k a t  t h e  i g n i t i o n  threshold  was measured. Since 
0 
t h a t  magnitude corresponds t o  t h e  a b l a t i v e  subl imation r a t e  a t  th reshold ,  
we may es t imate  t h e  s i z e  of t h e s e  l o s s  terms. The energy f l u x  absorbed 
-2 -1 
a s  l a t e n t  hea t  i s  0.71 c a l s  cm sec  . The s e n s i b l e  hea t  term is d i f f i c u l t  
t o  e s t ima te  because of u n c e r t a i n t i e s  i n  t he  hea t  c a p a c i t i e s  a t  the  i g n i t i o n  
temperature T,. We use  t h e  measured va lue  of 7 2 0 ' ~  f o r  ~ , ' l a n d  o b t a i n  
I 
-9  -1 0.16 c a l s  cm s e c  a s  a  reasonable est imate.  The maximum re- rad ia ted  
-2 -1 
l o s s  f o r  u n i t  su r f ace  emis s iv i ty  is  0.37 c a l s  cm s e c  . Subs t rac t ing  t h e  
-2 -1 
sum of t hese  from t h e  i n c i d e n t  i n t e n s i t y  of 2.8 c a l s  cm s e c  g ives  a  minimum 
-2 -1 
of 1 . 5  c a l s  cm s e c  remaining f o r  t h e  sum of r e f l e c t a n c e  and conductive- 
convect ive lo s ses :  I + o i ( T 9 , A )  + (IL)o.  
We f u r t h e r  assume t h a t  a t  t hese  low burning r a t e s  i i(T,a ,A) << ( I  ) . 
0 L 0 
These e s t ima te s  f o r  t h e  non-adiabatic l o s s e s ,  toge ther  wi th  reasonable 
va lues  f o r  t h e  o ther  parameters,  may be  s u b s t i t u t e d  i n t o  equat ion (1) 
9 
and y ie ld :  
- 3 14.7 + 0.62 [ (I - 1 .9 )  ( c a l  ~rn-~sec- ')  1 1 x 1 0  cm sec  -1 ( 4 )  
0 
The experimental d a t a  a r e  compared wi th  t h e  t h e o r e t i c a l  p r e d i c t i o n  f n  
Above t h e  i g n i t i o n  threshold ,  t h e  theory assumes t h a t  a  unique va lue  of v  A-tB 
f o r  t h e  NH3/HC104 flame, namely 380 cm/sec, completely charac te r ized  t h e  
* 
laser-induced combustion process .  A s  can be  seen,  t h e  agreement i n  abso lu t e  
magnitude between t h e  predic ted  and observed r a t e s  i s  gene ra l ly  good, con- 
s ide r ing  the  experimental e r r o r s  and the  assumptions of t h e  theory. The 
-1 
theory p r e d i c t s  an  i n t e r c e p t  on t h e  i -ax is  of 0.013 cm sec  , which is some- 0 
what higher  than t h e  observed i n t e r c e p t .  The predic ted  s lope  is  i n  £Air 
agreement with t h e  average s l o p e  of t he  experimental curve. The experi-  
mental d a t a  shows some curva ture  i n  t h e  2 vs .  I curve;  whi le  t he  simple 
0 
theory p r e d i c t s  a  l i n e a r  dependence. 
*See re ference  (-5) f o r  a  d e t a i l e d  d iscuss ion .  

These d i sc repanc ie s  may be  resolved by t h e  following cons ide ra t ions .  
The assumption of unique va lues  of v  and T i  t h a t  would c h a r a c t e r i z e  t h e  A-tB 
laser-induced combustion process  a t  a l l  power l e v e l s  i s  somewhat u n r e a l i s t i c .  
It is  more reasonable t o  assume t h a t  t h e  p r o p e r t i e s  of t he  A-flame (v A-tB and 
T') a r e  mi ld ly  dependent on input  f l u x  I, khan t h a t  they a r e  cons t an t ,  inde- b 
pendent of f l u x  l e v e l  [ s ee  f o r  example Table I%]. We note ,  f o r  example, 
t h a t  t h e  observed threshold  i g n i t i o n  temperature i s  720°K, which i s  somewhat 
below t h e  s t eady- s t a t e  su r f ace  temperature of 830°K. I f  we s i m i l a r l y  assume 
t h a t  t h e  A-flame va lues  f o r  (vPB) and t h e  boundary-value temperatures a t  t h e  
i g n i t i o n  threshold ,  a r e  somewhat lower than  t h e i r  free-burning s teady-s ta te  
va lues  (or  t h e i r  higher  power v a l u e s ) ,  then  t h e  d iscrepancies  a r e  reduced. 
There i s  then  b e t t e r  agreement between t h e  t h e o r e t i c a l  and t h e  observed i n t e r -  
cep t ,  and t h e  t h e o r e t i c a l  curve would show some curva ture  near th reshold .  
The average measured s lope  compares favorably  wi th  the  measured s lope  
6 
of Levy and Friedman . Simi l a r ly  t h e  two measured i n t e r c e p t s  a r e  i n  f a i r  
agreement w i th  each o the r  and wi th  the  theory.  The source used i n  t h e s e  
e a r l i e r  s t u d i e s  was a focussed filament-image source wi th  a  c h a r a c t e r i s t i c a l l y  
broad s p e c t r a l  d i s t r i b u t i o n .  The previous threshold  va lue  i s  s u b s t a n t i a l l y  
-2 -1 l a r g e r ,  %9 c a l s  cm s e c  . The d i f f e r e n c e  i s  probably caused by t h e  f a c t  t h a t  
t he  s h o r t e r  wavelengths of t h e  filament-image source were absorbed l e s s  
e f f i c i e n t l y  than  t h e  1 0 . 6 ~  r a d i a t i o n  used i n  t hese  experiments. 
We now consider  t he  problem of i g n i t i o n .  For t he  free-laminar ca se ,  
we know t h a t  a  th reshold  pressure  of 22 atm i s  requi red  before an i g n i t e d  sam- 
p l e  w i l l  burn f r e e l y .  Now Figure 3a shows t h a t  t h e  minimum 5 a t  t h i s  th res -  
0 
hold (0.25 e m  sec- l)  , i s  a t t a i n e d ,  a t  1 atm, i n  t h e  presence of a  l a s e r  f l u x  
- 2 - 1 
of 420 c a l s  cm s e c  . The flame f l u x  a t  t h i s  pressure  con t r ibu te s  a n  addi- 
-2 -1 t i o n a l  20 c a l s  cm s e c  , so t h a t  t h e  n e t  energy f l u x  i n t o  t h e  r eg re s s ing  
- 1 -2 -1 L 
su r f ace  a t  t he  threshold  r a t e  of 0.25 cm sec  , i s  440 c a l s  cm sec  . For 
t h e  f r e e  laminar ca se ,  a t  22 atm, t h i s  power dens i ty  must be suppl ied e n t i r e l y  
by the  flame source.  
Now from Figure 3a, we s e e  t h a t  i n  t h e  presence of a l a s e r  source ,  t h e  
-1 threshold r a t e  a t  1 atm i s  0.015 cm s e c  . Assuming a l i n e a r  dependence 
between 20 and t h e  n e t  energy f l u x  t h i s  corresponds t o  a t o t a l  f l u x  of 25 
-2 -1 -2 -1 
c a l s  cm s e c  , of which only  3 c a l s  cm sec  i s  suppl ied by the  l a s e r  
source.  I f  t h e  a d d i t i o n a l  power d e n s i t y  suppl ied by the  l a s e r  source a t  
1 atm i s  such a small  f r a c t i o n  of t o t a l  power dens i ty  a v a i l a b l e ,  and i f  
t h e  power dens i ty  from t h e  flame v a r i e s  almost l i n e a r l y  wi th  p re s su re ,  why 
then should i t  r e q u i r e  such a high th re sho ld  f o r  an i g n i t e d  sample t o  burn 
f r e e l y ?  Let u s  consider  t h i s  ques t fon  i n  more d e t a i l .  We s t r i k e  an energy 
flow balance,  a t  22 atm, by applying equat ion  (1) t o  t h e  threshold  r a t e  
- 1 
o f  0.25 cm sec  . The power dens i ty  absorbing a s  l a t e n t  hea t  i s  250 c a l s  
-2 -1 -2 -1 
cm sec  . The s e n s i b l e  hea t  term is 57 c a l s  cm s e c  . I f  we assume a s  
prev ious ly ,  t h a t  t h e  non-adiabatic l o s s  terms a r e  burning-rate  independent,  they  
-2 -1 
would account a t  most f o r  2 c a l s  cm s e c  . The sum of t hese  terms i s  only 
-2 -1 -2 -1 309 c a l s  cm s e c  , wel l  below the  440 c a l s  cm s e c  t h a t  i s  presumably 
a v a i l a b l e  from t h e  A-vapor flame source a f t e r  i g n i t i o n .  Why, then ,  is  not  
t h e  threshold  p re s su re  s u b s t a n t i a l l y  lower? Clear ly ,  i n  order  t o  account f o r  
t h e  high threshold p re s su re ,  we  must assume e i t h e r  t h a t  t h e  non-adiabatic 
-2 -1 l o s s e s  a r e  burning-rate  dependent and t h e r e f o r e  l a r g e r  than 2 c a l s e m  sec  , 
o r  t h a t  t h e  hea t  feedback from t h e  A-flame a f t e r  i g n i t i o n  i s  only  309 c a l s  
-2 -1 -2 -1 
cm sec  , r a t h e r  than  440 c a l s  cm s e c  . Natura l ly ,  a combination of these  
flame, i n  order  t o  show t h a t  a he re to fo re  neglected k i n e t i c  f a c t o r  could 
p l aus ib ly  account f o r  a lower hea t  feedback from t h e  flame. Von Elbe and 
co-workers4 were t h e  f i r s t  t o  suggest  t h a t  a d i f f u s i o n a l  demixing e f f e c t ,  
long observed i n  gas  flames, could be s i g n i f i c a n t  f o r  ammonium pe rch lo ra t e  
combustion. This e f f e c t  was pos tu la ted  t o  account f o r  t h e  r idge- l ike  s t ruc -  
t u r e s  observed a t  t h e  su r f aces  of quenched s i n g l e  c r y s t a l s  samples of Hightower 
and F'rice12. For gas  flames, t h i s  d i f f u s i o n a l  demixing e f f e c t  genera tes  a 
c e l l u l a r  flame s t r u c t u r e .  I t  i s  observed only  i n  those  premixed flames where 
t h e  mass . ' d i f fu s iv i ty  of a  s to i ch iome t r i c  d e f i c i e n t  component exceeds t h e  mass 
d i f f u s i v i t y  of t h e  r i c h  component. This would be the  c a s e  f o r  t h e  NH3-HC104 
A-flame, f o r  c l e a r l y ,  t h e  flame 3s fue l - lean  and t h e  l i g h t e r  f u e l  molecule 
has  a  s i g n i f i c a n t l y  higher  d i f f u s i o n  c o e f f i c i e n t  than  t h e  ox id i ze r  molecule. 
I f  t h e r e  i s  a s t e e p  dependence i n  t h e  burning v e l o c i t y  as a func t ion  of the  
s to i ch iome t r i c  r a t i o  ( a s  i s  t h e  case  f o r  t h e  fue l - lean  p e r c h l o r i c  a c i d  f lames) ,  
t h e  p r e f e r e n t i a l  d i f f u s i o n  of f u e l  molecules tends t o  reduce t h e  burning 
v e l o c i t y  i n  such a  way a s  t o  s t a b i l i z e  any slower p e r t u r b a t i o n s  along t h e  
flame f r o n t .  The r e s u l t a n t  e f f e c t  i s  a  c e l l u l a r  flame s t r u c t u r e .  For t h e  
A-flame above a  s o l i d  p r o p e l l a n t ,  such a  c e l l u l a r  s t r u c t u r e  in t roduces  gradi-  
e n t s  perpendicular  t o  t h e  x-d i rec t ion ,  and has t he  n e t  e f f e c t  of diminishing 
t h e  A-flame hea t  feedback t o  t h e  sur face .  
I n  t h e  A-flame, t h e  l i g h t  NH molecules p r e f e r e n t i a l l y  d i f f u s e  ahead 3 
i n t o  t h e  burned gases  and a l s o  l a t e r a l l y  along t h e  flame f r o n t  i n t o  the  
surrounding i n e r t  gas .  This  d i f f u s i o n a l  demixing can s u b s t a n t i a l l y  reduce 
t h e  h e a t  feedback near  t h e  edge of t h e  sample and near t h e  domes of t h e  ce l lu-  
l a r  flame, an e f f e c t  which i s  no t  compensated f o r  a t  t h e  r i m s  of t he  c e l l s .  
The phenomenon i s  l i n e a r l y  p re s su re  dependent, t h e  c e l l  s i z e  being l a r g e  
a t  low pressures  and small  a t  high Thus the  diminished hea t  feed- 
back r e s u l t i n g  from d i f f u s i o n a l  demixing i s  l e s s  s i g n i f i c a n t  a t  higher  pres- 
s u r e s  where t h e  c e l l  s i z e  i s  smal le r .  This  phenomenon could account f o r  t h e  
erved high threshold  p re s su re  l i m i t .  It a l s o  accounts  f o r  t h e  marked 
s t a b i l i z i n g  e f f e c t  of smal l  q u a n t i t i e s  of f u e l  add i t i ves .  
We now cons ider  t h e  problem of t h e  i g n i t i o n  threshold  f o r  t h e  steady- 
s t a t e ,  laser-induced combustion of ammonium pe rch lo ra t e  a t  va r ious  pressures .  
The experimental d a t a  f o r  t h e  i g n i t i o n  threshold  de lays  a r e  shown i n  Figure 
4. 
I f  we s u b s t i t u t e  equat ion (3)  i n t o  equat ion  ( I )  and so lve  t h e  r e s u l t -  
a n t  equat ion  f o r  t h e  inc iden t  i n t e n s i t y  I, we ob ta in :  
I f  w e  now s u b s t i t u t e  t h e  previous ly  used va lues  f o r  t hese  parameters 
(assume a va lue  of 0.10 f o r  t h e  r e f l e c t i v i t y  r ) ,  and so lve  f o r  t h e  i n t e n s i t y  
a t  t h e  i g n i t i o n  th re sho ld ,  we ob ta in :  
-2 3 -1 ( I )  ( c a l s  cm sec- l )  = 1 . 4 6 ~ 1 0  (jro) (cm sec  ) - 19. lp(atm)+l .  72 (6) 
th reshold  threshold  
The q u a n t i t y ,  ('0) th reshold '  i s  the  s teady-s ta te  r a t e  a t  t h e  i g n i t i o n  
threshold .  We make t h e  f u r t h e r  s impl i fy ing  assumption t h a t  t h i s  th reshold  
-1 
r a t e  i s  cons tan t  a t  t he  va lue  0.014 cm s e c  , which i s  the  he ight  of t he  
i g n i t i o n  s t e p  a t  1 atm (Figure 3b).  The r e s u l t a n t  pred ic ted  i g n i t i o n  curve 
based upon t h e s e  s impl i fy ing  assumptions i s  t h e  curve marked "Theory (a)" 
i n  Figure 4. 
There i s  thus  approximate agreement i n  abso lu t e  magnitude and i n  t h e  
o v e r a l l  p r e s su re  dependence. C lea r ly ,  however, t h e  assumptions made i n  de- 
r i v i n g  equat ion (6) from equat ion (5), and t h e  f u r t h e r  assumption of a  con- 
s t a n t  (? ) a r e  r a t h e r  crude approximations. We know, f o r  example, 
o  t h re sho ld9  
lower p re s su re  measurements repor ted  by Friedman, Hertzberg, McHale, and von 
1 -i Elbe i n d i c a t e  t h a t  t h e  i g n i t i o n  s t e p s  a r e  smaller  than  0.014 cm sec  a t  
p ressures  below 1 atm. I f  one assumes a  v a r i a b l e  va lue  f o r  (?o)threshold, t h e  
t h e o r e t i c a l .  curve would be s t eepe r  toward t h e  v e r t i c a l  a t  higher  pressures .  
It would a l s o  show some small  cu rva tu re  a t  lower pressures ,  and would thus 
g ive  b e t t e r  agreement between theory and experiment. The curve marked 
"Theory (b)" i s  obtained by assuming t h a t  (?o)threshold v a r i e s  cont inuously 
- 1 from 0.017 cm s e c  a t  1000 t o r r  t o  0.011 a t  380 t o r r .  The theory could be  
r e f ined  s t i l l  f u r t h e r  by assuming a  p re s su re  dependence f o r  t h e  non-adiabatic 
l o s s  terms. 
The experimental  d a t a  c l e a r l y  i n d i c a t e  t h a t  t h e  magnitude of the  
i g n i t i o n  s t e p  d i s c o n t i n u i t y  diminishes wi th  diminishing pressure .  I n  t h e  
p re s su re  r eg ion  below 200 t o r r ,  where t h e  curves asymptot ica l ly  approach 
t h e  p re s su re  a b s c i s s a  t h e  i g n i t i o n  s t e p  diminishes and the  r a t e  of ab la-  
t i v e  subl imation below i g n i t i o n  inc reases  (because of t h e  higher  l a s e r  
power dens i ty . )  I n  t h e s e  low p res su re  limits, t h e r e f o r e ,  t h e  presence o r  
absence of a  flame has a  minimal e f f e c t  on t h e  s teady-s ta te  r eg re s s ion  r a t e .  
Hence t h e r e  is  l i t t l e  o r  no d i s c o n t i n u i t y  i n  i a t  i g n i t i o n ,  and the  word 
0 
11 i gn i t i on"  becomes l e s s  meaningful. It is  only  i n  t h e  higher  p re s su re  
reg ions ,  where t h e  power dens i ty  from t h e  A-flame i s  l a r g e ,  o r  a t  l e a s t  
comparable t o  t h e  r a d i a n t  power dens i ty ,  t h a t  t h e  term i g n i t i o n  i s  meaning- 
f u l ,  and i t  i s  only i n  t he  higher  pressure  reg ions  t h a t  t h e r e  is  a  l a r g e  
i g n i t i o n  s t e p  d i s c o n t i n u i t y  i n  i . Clear ly ,  t he  word i g n i t i o n  i n  i t s  usua l  
0 
sense  i s  a meaningful d e s c r i p t i o n  of t h e  phys i ca l  phenomena only f o r  t h e  
c a s e  where t h e  presence o r  absence of a  chemical r e a c t i o n  has a  s i g n i f i c a n t  
e f f e c t  on t h e  system. 
Thus, t h e  nea r ly  v e r t i c a l  reg ions  of t h e  curves a r e  those  reg ions  where 
t h e  h e a t  feedback power d e n s i t y  from t h e  A-flame i s  much l a r g e r  than t h e  
r a d i a n t  power dens i ty ,  whereas t h e  nea r ly  ho r i zon ta l  reg ions  of t h e  curves 
a r e  those  reg ions  where the  r eve r se  i s  t r u e .  The reg ions  of sharp curva ture  
a r e  those  where they  a r e  both of comparable magnitude. 
de lays  would r e q u i r e  t h e  in t roduc t ion  of t h e  non-steady-state conservat ion 
equat ions,  and i s  beyond t h e  scope of t h e s e  cons idera t ions .  The predic ted  
t h e o r e t i c a l  curves correspond t o  t h e  l i m i t i n g  cases  where, i n  e f f e c t ,  steady- 
s t a t e  equi l ibr ium i s  achieved wi th  an i n f i n i t e  i g n i t i o n  delay.  
3. The Quasi-Laminar Dif fus ion  and Monopropellant Flame (QLDM) 
Theory 
The d a t a  a l r eady  presented  a r e  c l e a r l y  c o n s i s t e n t  wi th  the  view- 
p o i n t s  prev ious ly  expressed by r e sea rche r s  such a s  powling2, von Elbe e t  a 1  4 
and Summerfield and co-workers 3,13 concerning t h e  s t r u c t u r e  of composite 
ammonium perchloratef lames.  These data, and t h e  experimental  approach, a l s o  
provided t h e  i n s p i r a t i o n  f o r  t h e  development of a comprehensive and quant i ta -  
t i v e  theory  of composite p rope l l an t  combustion. We w i l l  he re  f i r s t  b r i e f l y  
ske tch  t h e  method by which t h i s  theory  was formulated, then  present  t h e  
r e s u l t s ,  and then  comDare t h e  r e s u l t s  with experimental observa t ions .  
The theory evolves l o g i c a l l y  from the  previous ly  developed laminar 
a d i a b a t i c  theory.  The composite theory i s  i n  e f f e c t ,  an ex tens ion  
and an  a p p l i c a t i o n  of t h e  pure monopropellant theory,  modified so a s  t o  
i nc lude  t h e  l i m i t i n g  e f f e c t  of t h e  d i f f u s i o n  process .  The b a s i c  approach 
t o  t h e  theory i s  a s  fol lows:  The combustion r a t e  f o r  t h e  composite i s  
assumed t o  be propor t iona l  t o  t h e  r a t e  f o r  a pure premixed monopropellant 
of equiva len t  i n i t i a l  composition. The p r o p o r t i o n a l i t y  f a c t o r  i s  t h e  spa- 
t i a l ly-averaged  hea t  f l u x  f o r  t h e  p rope l l an t  divided by t h e  hea t  f l u x  f o r  
t h e  premixed flame. This theory  i s  app l i cab le  t o  composites,  such a s  AP 
p r o p e l l a n t s ,  which con ta in  o x i d i z e r s  t h a t  a r e  capable of independent exo- 
l a r  d i f f u s i o n  flame theory of Summerfield. 3 
A somewhat s imp l i f i ed  form of t h e  theory l e a d s  t o  t h e  fol lowing solu- 
t i o n  f o r  t h e  p rope l l an t  burning r a t e :  
The q u a n t i t i e s  v  and v  a r e  t h e  burning v e l o c i t i e s  f o r  t h e  pure 
Pap Pm 
AP A-flame and t h e  premixed A-flame, r e s p e c t i v e l y .  The q u a n t i t i e s  T and r a r e  
Pap Pm 
f o r  t h e  pap flame and t h e  premixed flame, r e s p e c t i v e l y .  
We s u b s t i t u t e  t h e  fol lowing va lues  i n t o  equat ion:  
= 425 cm sec  -1 t v 
Pap 
-1 
v = 900 c m  s e c  
Pm 
T = 0.18 T = 0.66 
Pap Pm 
- 3 - 4 
= 1.56 gm cm ; p = 3 . 4 1 ~ 1 0  p  (atm); a = 0.19 1 P~ g g P (atm) 
This g ives :  
-1 - The r e g r e s s i o n  r a t e  i s  i n  cm sec  , ro i s  i n  microns ( u ) ,  and p  i s  i n  
shown i n  F igure  10. The curves 
t o  account f o r  t h e  small  con t r ibu t ion  of t h e  d i f f u s i o n  flame above t h e  f u e l  
p a r t i c l e s .  I n  a d d i t i o n ,  t h e  neg lec t  of t h e  p re s su re  dependence f o r  v  . 
Pap 
i n  equa t ion  (8) r e s u l t s  i n  an overes t imate  of t h e  r a t e  a t  h igher  p re s su re s .  
Accordingly, t h e  ca l cu l a t ed  r a t e s  a t  h igher  p re s su re s  ( > l o 0  atm) were ad jus t ed  
s o  t h a t  they  approach Che ' l imi t ing  sum: 
I /  ( 2 )  + 1 / 2  tt (9) ('0 ) QLDM 0 Pap 
f This va lue  has  been ad jus t ed  upward somewhat from t h e  previously-used va lue  s o  
t h a t  t h e r e  i s  exac t  agreement between equa t ion  (1) and t h e  s i n g l e  c r y s t a l  d a t a  a t  22atm. 
tf QLD r e f e r s  t o  t h e  quasi-laminar d i f f u s i o n  theory  which a p p l i e s  t o  a  p rope l l an t  sys- 




The experimental d a t a  f o r  two ammonium pe rch lo ra t e  p r o p e l l a n t s  a r e  
a l s o  shown i n  Figure 10.  The d a t a  a r e  taken from the  recent  compilat ion by 
S t e i n z ,  Stang, and Summerfield. They a r e  compared wi th  the  p r e d i c t i o n s  of 
t h e  QLDM Theory. The p a r t i c l e  s i z e  dependence predic ted  by t h e  theory is  
i n  e x c e l l e n t  agreement wi th  t h e  observed p a r t i c l e  s i z e  dependence. Simi- 
l a r l y  t h e  pressure  dependence predic ted  by t h e  theory is  a l s o  i n  good agree- 
ment w i th  t h e  observed p re s su re  dependence. There i s ,  however, on ly  f a i r  
agreement i n  t h e  abso lu t e  magnitudes. The abso lu t e  magnitudes of t h e  meas- 
ured r a t e s  a r e  sys t ema t i ca l ly  l a r g e r  than  t h e  t h e o r e t i c a l  p red ic t ions .  
Any c l o s e r  agreement would probabl-y be  s u r p r i s i n g ,  considering t h e  
s impl i fy ing  assumptions made i n  t h e  d e r i v a t i o n  of equat ion (7 ) .  There a r e  
s e v e r a l  f a c t o r s  t h a t  have been neglected and whose i n c l u s i o n  i n t o  t h e  theory 
would c o r r e c t  f o r  t h e  sys temat ic  e r r o r  which r e s u l t s  i n  pred ic ted  r a t e s  t h a t  
a r e  gene ra l ly  lower than  t h e  observed r a t e s .  The s impl i fy ing  assumptions 
t h a t  r e q u i r e  c o r r e c t i o n  a r e  a s  fol lows:  f i r s t ,  t h e  assumption of equal  par- 
t i c l e  s i z e  d i s t r i b u t i o n  f o r  f u e l  and o x i d i z e r ;  secondly, t h e  assumption of 
a symmetric d i s t r i b u t i o n  of f u e l  and ox id i ze r  along t h e  su r f ace ;  and t h i r d l y ,  
t h e  assumption of su r f ace  p l a n a r i t y .  
Correct ion f o r  t hese  t h r e e  f a c t o r s  i n  t h e  theory would complicate t h e  
equat ions f u r t h e r ;  however, t h e i r  n e t  e f f e c t  would be t o  g ive  b e t t e r  agree- 
ment between the  abso lu t e  magnitudes predic ted  by t h e  theory ,  and the  ob- 
V. CONCLUSIONS AND RECOMMENDATIONS 
This  program was t h e  i n i t i a l  experimental phase of a  long range program 
whose o v e r a l l  ob j ec t ives  were t o  provide r e sea rche r s  with improved methods 
of p red ic t ing  p rope l l an t  burning r a t e s ,  combustion e f f i c i e n c i e s ,  and motor 
t r a n s i e n t s .  
The f i r s t  of t hese  o b j e c t i v e s  has  e f f e c t i v e l y  been a t t a i n e d .  The phy- 
s i c a l  and chemical processes  t h a t  c o n t r o l  t he  combustion c h a r a c t e r i s t i c s  of 
s o l i d  p r o p e l l a n t s  have been def ined  and i s o l a t e d .  A pure monopropellant 
theory ,  which i s  i n  e f f e c t  an expansion and a p p l i c a t i o n  of t h e  c l a s s i c a l  
wave theory ,  has  been succes s fu l  i n  p r e d i c t i n g  the  burning r a t e  behavior 
of pure ammonium pe rch lo ra t e .  It has a l s o  been successfu l  i n  p red ic t ing  the  
laser- induced combustion r a t e ,  and t h e  laser-induced i g n i t i o n  de lays  f o r  AP. 
I n  a d d i t i o n ,  t h e  same theory has been appl ied  succes s fu l ly  t o  s e v e r a l  o the r  
pure  monopropellants: methyl ammonium pe rch lo ra t e ,  d i m e t h y l  ammonium 
pe rch lo ra t e ,  t r ime thy l  ammonium pe rch lo ra t e ,  hydrozonium pe rch lo ra t e ,  ammonium 
n i t r a t e  and hydrazine n i t roform.  The fol lowing s e t s  of A-flame v e l o c i t i e s  
and boundary-value temperatures ,  taken from t h e  a v a i l a b l e  l i t e r a t u r e ,  gener- 
a t e s  p red ic t ed  va lues  f o r  r eg re s s ion  r a t e s  t h a t  a r e  i n  good agreement wi th  
experimental  measurements. 
This is s t a r t l i n g  confirmation of t h e  e s s e n t i a l  v a l i d i t y  of t h e  theory ,  
e s p e c i a l l y  when we remember t h a t  t h e s e  d a t a  span s e v e r a l  o rde r s  of magnitude 
i n  r a t e :  from ammonium n i t r a t e  whose predic ted  s t eady- s t a t e  r a t e  a t  5 atm 
-1 is  only . O 1  cm s e c  (and hence i s  i n s u f f i c i e n t  t o  maintain s teady  def lagra-  
t i o n  i n  t h e  presence of non-adiabatic l o s s e s ) ,  t o  hydrazine pe rch lo ra t e  
-1 
whose r eg re s s ion  r a t e  a t  t h i s  pressure  i s  a r ap id  1 .0  cm s e c  . 
This  theory,  which i s  app l i cab le  t o  pure monopropellants whose A-flames 
a r e  e f f e c t i v e l y  premixed, has  been extended i n  s t i l l  another  new d i r e c t i o n .  
By including t h e  l i m i t i n g  e f f e c t  of t h e  f u e l  and ox id i ze r  i n t e r d i f f u s i o n  
process ,  a Quasi-Laminar Diffusion and Monopropellant (QLDM) Theory i s  
obtained.  This  theory  i s  app l i cab le  t o  composites,  and is  super ior  t o  pre- 
v ious  t h e o r i e s  i n  t h a t  i t  y i e l d s  a closed-form a l g e b r a i c  s o l u t i o n  f o r  t he  
burning r a t e  t h a t  i s  remarkably accu ra t e  i n  p red ic t ing  t h e  s t eady- s t a t e  
observables:  t h e  abso lu t e  magnitude of t h e  r a t e ,  t h e  pressure  dependence 
and t h e  p a r t i c l e - s i z e  dependence. Although t h e  theory a p p l i e s  t o  p r o p e l l a n t s  
t h a t  burn from a r eg re s s ing  su r f ace  wi th  a laminar o r  quasi-laminar geometry, 
i t s  extension t o  me ta l l i zed  p rope l l an t s  t h a t  have a non-laminar geometric 
components, is  neve r the l e s s  r e a d i l y  apparent .  
Thus t h e  f i r s t  of t h e  long range program ob jec t ives  has indeed been 
a t t a i n e d .  It should henceforth be poss ib l e ,  w i th  a reasonable e s t ima te  
of t h e  chemistry of t h e  A-flame, and a knowledge of t h e  thermodynamics and 
laminar r e g r e s s i o n  r a t e  of any pure monopropellant. I n  add i t i on  wi th  reason- 
a b l e  assumptions f o r  t h e  l imi t ing  e f f e c t s  of t h e  r e a c t a n t  i n t e r d i f f u s i o n  
processes ,  i t  should a l s o  be poss ib l e  t o  p r e d i c t  t h e  r a t e  f o r  i t s  composites.t  
?Reference .(5) con ta ins  a more d e t a i l e d  d i scuss ion  of t h e s e  quest ions.  
The p rope l l an t  burning r a t e  i s ,  however, only t h e  f i r s t  of t h e  long 
range o b j e c t i v e s .  Other s i g n i f i c a n t  phenomena involve t h e  non-steady s t a t e  
c h a r a c t e r i s t i c s :  motor t r a n s i e n t s ,  i g n i t i o n  behavior ,  and combustion in-  
s t a b i l i t i e s .  The d a t a  presented i n  Figure 4, and t h e  i n f i n i t e  i g n i t i o n  
de lay  l i m i t  p red ic ted  by equat ion ( 6 ) ,  r ep re sen t  i n i t i a l  cxcursions i n t o  
t h e  non-steady s t a t e  behavior of p r o p e l l a n t s ,  The experimental method t h a t  
has  been developed hasalready y ie lded  va luab le  da t a  on t h e  i g n i t i o n  charac- 
t e r i s t i c s  of p rope l l an t s .  These i g n i t i o n  s t u d i e s  can be  r e a d i l y  continued 
o r  expanded t o  inc lude  o t h e r  p rope l l an t  systems. S t i l l  more meaningful and 
s i g n i f i c a n t  d a t a  could be obtained by enhancing t h e  s e n s i t i v i t y  of t h e  com- 
p o s i t i o n  probe t o  r e a c t i v e  in te rmedia tes ,  by diminishing t h e  probe 's  time- 
cons tan t ,  and by adding more s o p h i s t i c a t e d  o p t i c a l  maser methods t o  fo l low 
14 
t h e  developing flame s t r u c t u r e  . 
Since i t  has  been poss ib l e  t o  s c a l e  t h e  s i g n i f i c a n t  dimensions of t h e  
composite flame s t r u c t u r e  i n  a  s t eady- s t a t e  system, i t  should a l s o  be poss i -  
b l e  t o  s imula te  t h e  form of non-steady s t a t e  behavior displayed i n  t he  com- 
bus t ion  i n s t a b i l i t y  problem. One type of combustion i n s t a b i l i t y  phenomenon involves  
t h e  i n t e r a c t i o n  of a  p rope l l an t  flame wi th  t h e  acous t i c  wave p a t t e r n  of rocke t  
engine. The r eg res s ing  su r f ace  and i t s  assoc ia ted  flame s t r u c t u r e  i n t e r a c t  
wi th  a  p re s su re  and flow f i e l d  t h a t  vary  both temporari ly  and s p a t i a l l y .  The 
i n t e r a c t i o n  of t h e  regress ing  s u r f a c e  can be simulated by varying t h e  s p a t i a l  
d i n a t e  system of t h e  regress ing  su r f ace  experience a temporal increase  i n  
t h e  hea t ing  r a t e  source func t ion  a s  i t  approached t h e  peak, and then a  de- 
c r ease  i n  4 a s  i t  recessed from t h e  peak. This  i n t e r a c t i o n  i s  r e a d i l y  simu- 
l a t e d  by a , t empora l ly  varying l a s e r  input  I(t), which would s imula te  t h e  
4 ( t )  of t h e  r eg re s s ing  sur face .  Such research  could improve our understanding 
of t h e  combustion i n s t a b i l i t y  problem. 
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V I I  . NOMENCLATURE 
a The thermal d i f f u s i v i t y .  
The absorp t ion  c o e f f i c i e n t .  
The chemical symbol f o r  t h e  gas-phase r e a c t a n t ( s )  above t h e  
heterogeneous su r f ace .  
The chemical symbol f o r  t h e  gas-phase p roduc t ( s )  of t h e  flame 
r e a c t i o n  above t h e  su r f ace .  
cx, cA' cB Heat c a p a c i t i e s  per  gram of s o l i d  ( X ) ,  t h e  r e a c t a n t ( s )  (A), 
t h e  product ( s )  (B) . 
E The emis s iv i ty  of t h e  propel lan t  su r f ace .  
S 
AH The l a t e n t  h e a t  of vapor iza t ion  per  gram of s o l i d .  
i ( T y a y A )  The burning-rate  dependent f a c t o r  f o r  t h e  non-adiabatic 
conductive-convective l o s s e s .  
(IL) s The t o t a l  non-adiabatic l o s s e s  from t h e  sur face-s ta te  zone (S) t o  t h e  surroundings. 
( I d 0  The burning-rate  independent l o s s  term. 
(IR) 0 The n e t  r a d i a n t  f l u x  l o s s  term from t h e  su r f ace  t o  t he  surroundings. 
The inc iden t  r a d i a n t  f l u x .  
The thermal conduct iv i ty  of t h e  gas and t h e  s o l i d .  
P The pressure .  
r The su r f ace  r e f l e c t i v i t y .  
The average p a r t i c l e  r ad ius .  
Px  and p The dens i ty  of t h e  s o l i d  and t h e  gas.  g ' 
(T The Stefan-Boltzman cons tan t .  
T - B 
t' The f a c t o r s  1 Tb - Tu + AH,C! f o r  t h e  pure AP flame and t h e  pap' t ~ m  
premixed flame r e spec t ive ly .  
The temperature.  
The s u r f a c e  temperature.  
The temperature of the burned gases  of t h e  p rope l l an t .  
An equiva len t  "preheat" temperature.  
The temperature of t he  burned gases  of t h e  A-flame. 
The su r f ace  i g n i t i o n  temperature.  
The i n i t i a l  temperature of t h e  unburned s o l i d .  
The burning v e l o c i t y  of pure A ,  preheated t o  t h e  s u r f a c e  
temperature.  
The burning v e l o c i t y  of t h e  pure AP A-flame. 
The burning v e l o c i t y  of t h e  premixed p rope l l an t  A-flame. 
The chemical symbol f o r  the  pure monopropellant s o l i d .  
The l i n e a r  coord ina te .  
The p lanar  s u r f a c e  d i s c o n t i n u i t y  between S and Sx. 
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